Cold rolling behaviours of a commercial pure titanium have been studied by means of transmission electron microscopy. The results indicates: (1) In cold rolled titanium, there are a number of tangled dislocations which have often been observed in cold worked face centered cubic metals. (2) In 16.7% cold rolled Ti, imperfect structures with a high concentration of tangled dislocations were observed and a great number of uniformly distributing dislocation loops were observed. They were also observed in 50.0% rolled Ti.
I. Introduction
It is generally said that the mechanism of work hardening in hexagonal metals may vary considerably with the c/a ratio.
It has been suggested that the rate of work hardening in hexagonal metals such as Zn and Cd whose cla ratio is larger than the ideal value (1.633) is very low, and the barriers to the movement of dislocations are not very strong ones(1). Recently, Price(2) suggested that jogs on screw dislocations and the pinning effect of loops produced at jogs are the major causes of work hardening during nonbasal glide in Zn and Cd.
Titanium, on the other hand, has a hexagonal lattice at room temperature and the c/a ratio is slightly smaller than the ideal value. It has been expected, therefore, that mechanism of work hardening in titanium may be rather similar to that in face centered cubic metals (3)(4)(5)_ The electron transmission microscopy observation of cold working in hexagonal metals has been made on Zn(6), Cd(7) and Mg(8), but little has been known about Ti and hexagonal metals whose c/a ratio is smaller than that of the ideal value.
In view of these points, direct observation of cold rolled commercial pure Ti were carried out by a transmission electron microscopy. At the same time, in order to correspond the observation to the work hardening process, changes in hardness with cold rolling were measured.
II. Specimens and Experimental Procedure
Specimens used in the present experiment were prepared from a commercial pure Ti plate, the thickness of which was 6mm. The chemical composition of the plate is shown in Table 1. and then rolled at room temperatur.
Chemical poli- Table 1 Chemical composition of specimens in wt. %.
shing of the specimens was carried out in a mixed solution of 7 parts of HNO3 and 3 parts of HF. The specimens were washed in methyl alcohol immediately after polishing, and were observed with a transmission electron microscope of type HU-10 made by Hitachi Electric Co. in Japan, operating at 50kv. For hardness measurements, the specimens 6mm in the thickness were rolled at room temperature to the rolling degree of 10, 30 and 50%.
Vickers hardness on the plane which was perpendicular to the rolling plane was determined.
The plane normal to the rolling plane of 5, 12, and 30% cold rolled specimens was observed by optical microscopy. The specimens were etched with 2% HF solution after electrolytic polishing in a mixed solution of 90cc ethyl alcohol, 10cc n-btylalcohol, 6g AlCl2 and 25g ZnCl2.
III. Experimental Results and Discussion
In order to investigate changes in hardness with cold rolling, Vickers hardness of 10, 30 and 50% cold rolled specimens was measured. The relation between hardness and rolling degree is shown in Fig.1 . It is found that at the early stage, the hardness increases abruptly with the rolling degree and the curve is gently-sloping in the rolling degree higher than about 20%. The tendency of the work hardening is the same as that reported by Bradford et al(9).
Microstructures of the cold rolled specimens are shown in Photo.l. Deformation twins are observed in specimens 5% cold rolled (Photo.l(a)). More twins are observed in specimens cold rolled in higher degree (b) (c). There are many curved twin boundaries which atment from austenite (these are called reversal twins by the discoverer).
A 3.3% rolled specimen was thinned by chemical polishing and was observed by an electron microscope. The results are shown in Photos. 2 and 3.
In the photographs, a number of dislocations are observed. It may be said that the dislocation density is almost equal to that in the other slightly deformed metals(11)(12). Tangled dislocations which have been observed in deformed pure Al and Cu are seen in Photo. 2. Even in other 3.3% cold rolled specimens, dislocation arrangement was nearly the same as in Photos. 2 and 3.
The dislocation arrangement of a specimen rolled to 16.7% which is on the initial part of the linear hardening region in Fig.l is shown in Photos. 4-r9. It is found that the dislocation density is higher than that of 3.3% rolled specimen. Tangled dislocations and a grain boundary can be seen in Photo. 4.
Churchman(4) has observed slip system on (1010) by rolling Ti at a high straining velocity.
It should be noted in Photo. 5 (a) that there are a number of sessile dislocation loops which have frequently been observed impure Al and Al alloys (14) . One of them is indicated by L in the photograph as can be seen on the upper left side of the photograph. In Photo. 5 (b) which is the dark field image of (a), their loops are reversed in the contrast. Dislocation loops are seen also in Photos. 6,7 and 9 which are indicated by L. All of the dislcoation loops are almost smilar in shape and size, and are distributed uniformly.
In 50% rolled Ti, dislocation loops like the above ones are seen as shown in Photo. 10. Their size and distribution are similar to those in 16.70% rolled Ti. Tangled dislocations are observed in 50.0% cold rolled Ti as shown in Photo. 11. As mentioned above, in cold rolled Ti, the tangling of dislocations occurred by 3.3% roll, and that tangled dislocations were concentrated and dislocation loops were formed uniformly by 16.7% and 50.0% roll. Price(2) has suggested that in Cd and Zn at low tem-peratures high-density loops and tangled dislocations are formed and there by harden the crystals. It may be said from the present study that the tangled dislocations and the loops observed above might contribute to the hardening of Ti observed over about 10% roll in Fig. 1 .
IV. Summary
Commercial pure Ti was rolled at room temperature and the thin foil structure was observed by a transmission electron microscope. The following results were obtained (1) In 3.3% rolled Ti, tangling of dislocations was observed.
(2) In 16.7% rolled Ti, highly imperfect structures with a high concentration of tangled dislocations and a large number of unifomly distributed dislocation loops were observed. In like manner, tangling dislocations and loops were observed in 50% rolled Ti.
